The Escherichia coli mu operon was subcloned into a pKK233-2 vector containing rat glutathione S-transferase (GST) 5-5 cDNA and the plasmid thus obtained was introduced into Salmonella typhimurium TA1535. The newly developed strain S.typhimurium NM5004, was found to have 52-fold greater GST activity than the original umu strain S.typhimurium TA1535/pSK1002. We compared sensitivities of these two tester strains, NM5004 and TA1535/ pSK1002, for induction of umuC gene expression with several dihaloalkanes which are activated or inactivated by GST 5-5 activity. The induction of umuC gene expression by these chemicals was monitored by measuring the cellular p*-galactosidase activity produced by umuC'lacZ fusion gene in these two tester strains. Ethylene dibromide, 1-bromo-2-chloroethane, 1,2-dichloroethane, and methylene dichloride induced umuC gene expression more strongly in the NM5004 strain than the original strain. 4-Nltroquinoline 1-oxide and iV-methyl-yV'-nitro-iV-nitrosoguanidine were found to induce umuC gene expression to similar extents in both strains. In the case of 1-nitropyrene and 2-nitrofluorene, however, NM5004 strain showed weaker umuC gene expression responses than the original TA1535/ pSK1002 strain. l,2-Epoxy-3-(4'-nitrophenoxy)propane, a known substrate for GST 5-5, was found to inhibit umuC induction caused by l-bromo-2-chloroethane. These results indicate that this new tester NM5004 strain expressing a mammalian GST theta class enzyme may be useful for studies of environmental chemicals proposed to be activated or inactivated by GST activity.
Introduction
Glutathione S-tranferases (GSTs*) [EC 2.6.1.18] are involved in the detoxification of electrophilic metabolites of chemical
•Abbreviations: GSH, glutathione; GST, glutathione S-transferase; EDB, ethylene dibromide; BCE, l-bromo-2-chloroethane; 1,2-DCE, 1,2-dichloroethane; CH 2 Cl2. methylene dichloride; 4-NQO, 4-nitroquinoline 1-oxide; MNNG, W-methyl-JV-nitro-W-nitrosoguanidine; 1-NP, l-nitropyrene; 2-NF, 2-nitrofluorene; ENPP, l,2-epoxy-3-{4'-nitrophenoxy)pTopane; IPTG, isopropyla-D-thiogalactoside; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; X-gal, 5-bromo-4-chloro-3-indoyl-pVo-glucopyranoside.
© Oxford University Press carcinogens and mutagens (1, 2) , but recent numerous studies have established that these enzymes also play important roles for the bioactivation of dihaloalkane compounds (3, 4) . A series of dihaloaJkanes that have been used widely as pesticides, fumigants, and antiknock substances in the environment have been reported to be carcinogenic in rodents and are also proposed to have risk factors in relation to human cancer (5, 6) .
The theta-class rat GST 5-5 enzyme is reported to have dehalogenase activity towards dihalomethanes and has been shown to be effective in the conjugation of dichloromethane with glutathione (GSH) (7) . Recently, it was reported that tiiis enzyme shares 82% sequence identity with human theta-class GST Tl (8) . Since GST 5-5 catalyzes the GSH conjugation of dihalomethanes and some related compounds forming reactive electrophilic metabolites, it is of great value to develop a sensitive method for the detection of genotoxicity potentials of these chemicals in the bacterial tester strain.
It has been reported that several Ames tester strains which had been introduced into the mammalian and bacterial nitroreductase and acetyltransferase genes can detect genotoxic nitroarenes and aromatic amines, respectively, with high sensitivities (9, 10) . Previously, we have developed a genotoxicity assay (umu test) for the detection of chemical mutagens and carcinogens (11). The test system is based on die induction by alkylating agents of SOS functions coupled to a reporter gene in the umuClacZ fusion plasmid. Because the umu test has been shown to be rapid, sensitive, and rather specific, it has several advantages to detect a wide variety of carcinogens and mutagens in the environment (11-13). This method is also applicable to the investigation of the roles of cytochrome P450 enzymes in the metabolic activation of promutagens and procarcinogens in liver microsomes from several mammalian species (14, 15) . More recently, we have constructed tester strains bearing bacterial nitroreductase or O-acetyltransferase genes, and demonstrated that these tester strains were extremely sensitive towards genotoxicity activities of nitroarenes and aromatic amines, respectively (16, 17) .
In this study, we have developed a new tester strain S.typhimurium NM5004 by introducing a plasmid containing both rat GST 5-5 cDNA and the umu operon into the host strain S.typhimurium TA1535. The genotoxicity activities of a number of environmental carcinogens and mutagens were determined by measuring p^-galactosidase activity in the newly developed NM50O4 strain as well as the original tester strain S.typhimurium TA1535/pSK1002. We compared the sensitivities towards EDB, BCE, 1,2-DCE, CH 2 C1 2 and other types of chemicals for the induction of umuC gene expression in the NM5004 and TA1535/pSK1002 strains.
Materials and methods

Chemicals
The test chemicals used in this study were purchased from the following sources: EDB from Katayama Chemical Co. (Osaka); BCE, 1,2-DCE, CH2CI2. 
Construction of ptasmlds for expression of both rat GST 5-5 gene and umuClacZ fusion gene
The fusion plasmid pSK1002 (11), constructed by the combination of an umu operon and lacZ gene, devoid of the lac operator, was partially digested with the restriction enzyme Sail followed by the digestion with EcoRI. The 11.3 kb EcoRl-Sall fragment containing the umu operon and lacZ gene was cloned into the EcoRl-Sall stuffer region of the GST 5-5 vector (pKK233-2) in the presence of T4 DNA ligase, and the resulting 16.34 kb plasmid was designated pYOlOO ( Figure 1 ).
DNA transformation and screening of colonies
An overnight E.coli HB101 strain cell culture was grown to exponential phase (10 7 cells/ml) and was transformed with the chimeric plasmid carrying both the umuC'lacZ fusion gene and GST 5-5 gene by the CaCl 2 method (18). Plasmid DNA obtained from 120 transformants (selected by ampicillinresistance) was digested completely with the restriction enzymes Sal] and EcoRI followed by agarose gel electrophoresis, and plasmid DNA molecules with desired structures were obtained as verified by restriction analysis. After modifying the plasmid with S.typhimurium SJ10002 (restriction", modification + ) strain, these plasmids were again used to transform S.typhimurium TA1535 and the ampicillin-resistant transformants were selected. After the transformants were plated on L-agar plates containing X-gal (4 mg/ml), EDB (50 Hg/ml) and ampicillin (50 Hg/ml), positive clones which showed blue color were selected. These transformants were found to show a high level of umuC induction by EDB.
SDS-PAGE and GST assay in lysates of S.typhimurium NM50O4
The effects of IPTG on the expression levels of GST 5-5 were determined by incubating a 1.0 ml aliquot of the cells grown in L-broth with or without 0.1-1.0 mM IPTG at 37°C for 3 h. The cells were collected by centrifugation at 5000 r.p.m. for 10 min and resuspended in 20 mM sodium phosphate buffer (pH 7.0). After the cells were sonicated (4X15 s pulses) on ice to lyse the bacteria, the lysates were collected by centrifugation at 10 000 r.p.m. for 10 min. SDS-PAGE was carried out with a 10% acrylamide gel (v/v) by the method of Laemmli (21) . For the GST assay, the overnight cultures were centrifuged at 5000 g for 10 min at 4°C, and the cell pellets were resuspended in 100 ml of 10 mM Tris-HCl buffer (pH 7.0) containing 1 mM EDTA, 1 mM dithiothreitol, and 50 mM KG. After sonication, the cell lysates were used for the determination of GST activity using ENPP as a substrate by the method of Habig et al. (19) . Protein content was assayed by the method of Lowry et al. (20) .
umu Test
The genotoxicities of chemical carcinogens and mutagens were determined by measuring induction of umuC gene expression in Salmonella tester strains as described previously (16) . Briefly, overnight cell cultures of tester strains growing in L-broth containing 50 (ig ampicillin/ml were grown to exponential phase in TGA medium containing 20 \ig ampicillin/ml. The bacterial suspension (2.0 ml) was incubated with chemicals (20 \i\ dissolved in dimethylsulfoxide) at 37°C for 2 h. The expressed pVgalactosidase activity was determined by the method of Miller (22) and expressed in those units.
Results
Establishment of tester strain with umu operon and GST
In order to construct a highly sensitive umu tester strain for dihaloalkanes and related compounds, we introduced a fusion plasmid containing both GST 5-5 gene and umu operon into S.typhimurium TA1535. First, the 11.3 kb fragment of umu operon was subcloned into the EcoRl-Sall site in a multicopy vector pKK233-2 containing rat GST 5-5 cDNA and the resulting plasmid (16.34 kb) was designated as pYO 100 ( Figure 1 (18) and identification of the plasmid containing inserts was checked by digestion of the plasmid with EcoRl and Sail. After 16 plasmid DNAs with the desired inserts were modified by introducing them into S.typhimurium SJ10002, these plasmids were used to transform S.typhimurium TA1535. The transformants were streaked on L-agar plates supplemented with EDB (50 (ig/ml), X-gal (4 mg/ml), and ampicillin (50 jig/ml), and transformants which showed blue colonies were selected. Of 16 transformants tested, four colonies gave positive responses, indicating that these cell lines showed significant expression of GST, and were further used for the assay of GST activity. These transformants were found to exhibit 39-to 67-fold greater levels of GST activity (using ENPP as a substrate) than did the original tester strain TA1535/pSK1002 (Table I) . We also obtained, from the four transformants with inserts, similar responses for induction of umuC gene expression by EDB. In the following experiments we used this NM5004 strain for genotoxicity assays.
Expression of GST 5-5 gene in S.typhimurium
To ascertain whether GST protein is actually expressed in S.typhimurium strains constructed in this study, we analyzed the proteins by SDS-PAGE in the cell lysates isolated from S.typhimurium NM5004, S.typhimurium TA1535/+GST which is an Ames tester strain harboring , and the original TA1535/pSK1002 strain. Although the original TA1535/pSK10O2 strain did not have significant amounts of the GST 5-5 protein, the NM5004 and S.typhimurium TA1535/ +GST strains were found to show considerable expression of the GST protein ( Figure 2 ). The levels of expression of GST protein were not so different irrespective of the addition of IPTG in the culture medium (Figure 2 ), as reported in the case of S.typhimurium TA1535/+GST (26) . The basal levels of umuC gene expression in S.typhimurium TA1535/pSK1002 and NM5004 strains were found to be very similar in the absence of chemical carcinogens (Table II) .
Effects of haloalkane compounds on the cell growth rates and umuC induction in the Salmonella tester strains
We determined the effects of EDB, BCE, 1,2-DCE, and CH 2 C1 2 on the rates of cell growth and induction of umuC gene expression in the cells (Figure 3) . The cell growth rates were retarded very markedly with EDB, BCE, 1,2-DCE and CH 2 C1 2 in NM5004 strain as compared with those in the original TA1535/pSK1002 strain. The expression of umuC gene by these compounds was induced in a dose-dependent manner in the NM5004 strain but was not affected in TA1535/pSK1002 strain. The order of induction of umuC gene expression in NM5004 strain was found to be EDB>BCE>1,2-DCE>CH 2 C1 2 .
Effects of nitro-containing compounds and MNNG on the cell growth rates and umuC gene induction
Several nitro-containing compounds including 4-NQO, 1-NP, 2-NF, and MNNG were also examined with respect to the effects on cell growth rate and umuC induction in two tester strains ( Figure 4) . Addition of 4-NQO and MNNG to the reaction mixture caused inhibition of the rates of cell growth and the induction of umuC gene expression in similar levels in both tester strains. However, 1-NP and 2-NF were found to cause significant induction of umuC gene expression only in the original TA1535/pSK1002 strain but not in the NM5004 strain, suggesting that these chemicals were detoxicated by the action of GST activity in NM5OO4 strain.
Effects of ENPP and ethacrynic acid on umuC induction caused by BCE
Since ENPP and ethacrynic acid have been shown to be a substrate for GST 5-5 and a common inhibitor of GST 300 activity, respectively (23,24), we examined whether or not these chemicals influence the genotoxic responses caused by BCE in the NM5004 strain ( Table III) . Addition of ENPP was found to inhibit the induction of umuC gene expression by BCE; the I 50 value was estimated to be -13 (iM. Ethacrynic acid decreased the BCE-induced expression of umuC gene though the effects were weaker than those by ENPP.
Discussion
Extensive studies have suggested that there are multiple forms of GST enzymes in various animal species, including humans, and these enzymes have been classified into alpha, pi, mu, and theta classes (7, 25) . Among them, a theta-class rat GST 5-5 enzyme has been reported to be involved in the activation of dihalomethanes (26) . We introduced a plasmid containing rat GST 5-5 cDNA into a bacterial umu tester strain to render it capable of activating carcinogenic dihaloalkanes. We successfully constructed a new Salmonella tester strain NM5004 expressing rat GST 5-5 and compared the sensitivity of the resultant tester strain with an original TA1535/pSK1002 strain with regard to rates of cell growth and induction of umuC gene expression by dihaloalkanes and nitro-containing chemicals. S.typhimurium NM5004 thus obtained was found to be highly sensitive towards dihaloalkanes with respect to the effects on cell growth rates and umuC induction, as compared with the original TA1535/pSK1002 strain. These results are in good agreement with the results reported by Thier et al. (26) who showed that dihaloalkanes are mutagenic in Ames tester strain TA1535 which produces rat GST 5-5 protein. Biotransformation of dihaloalkanes has been considered to involve two pathways, oxidation by cytochrome P450 enzymes and conjugation by GST (27) . Among these two pathways, conjugation with glutathione has been reported to be an activation step producing reactive metabolites and, in the case of dihalomethanes, formaldehyde (26) . The major DNA adduct formed from reaction with GSH has been identified as an S-ll-iM 1 -deoxyguanosyl)methyl]glutathione (26) . However, it remains to be elucidated whether or not this adduct is formed in vivo. Interestingly, recent studies have suggested that human theta class GST Tl, which shares 82% sequence identity with rat GST 5-5 gene, displays polymorphism and one-third of Caucasians have been reported to be defective in this enzyme due to a gene deletion (28) . Such polymorphism may be linked to risk in causing human cancer by environmental carcinogens, including dihaloalkanes.
In previous studies with GSH-mediated mutagenicity of 1,2-dihaloalkanes, it did not appear that the SOS response was involved. The presence of the pKMlOl plasmid did not seem to make a substantial difference, and S-(2-haloethyl)GSH half mustards did not evoke a strong umu response when added to the basic S.typhimurium TA1535/pSK1002 system (29) . However, the results presented here indicate that the SOS response can be activated by DNA modification resulting from conjugates of both 1,2-dihaloalkanes and dihalomethanes.
Our present results indicate that rat GST 5-5 can activate CH 2 C1 2 , because this chemical showed genotoxicity only in the GST-expressing NM5004 strain. Simula et al. (30) have reported that CH 2 Cl2 could not be activated by human GST alpha and pi class of enzymes. Theta class GST enzymes may have more important roles in the activation of CH 2 Cl2 than other GST enzymes. In fact, it is reported that this class of GST enzyme possesses about 10 times greater CH 2 C1 2 dehalogenase activities than other GST enzymes (7) . Recently, the theta class GSTs was also reported to be related to the dichloromethane dehydrogenase in Methylobacterium DM4 (31) and to the macrophage migration inhibitory factor proteins in humans, which are one of the mammalian lymphokines (32) .
In regard to the possible roles of GST in enhancing or inhibiting the toxicity/genotoxicity of halogenated xenobiotics, it has been reported that GST-containing mammalian microsomal fractions are responsible for the genotoxic activation and inactivation of halogenated compounds (34, 35) , although we do not carry out this experiment using the microsomal fractions in the present study. Therefore, the microsomal GST should also be considered.
By comparing the sensitivity with NM5004 and original TA1535/pSK1002 strains towards nitro-containing and methylating agents, we have obtained evidence that both strains showed almost the same sensitivity to 4-NQO and MNNG for induction of umuC gene expression. These results suggest that 4-NQO and MNNG are independent of GSH-conjugation for producing the umu response. In contrast, the NM5004 strain showed a complete reduction in umuC induction by 1 -NP and 2-NF, suggesting that rat GST 5-5 is involved in the detoxication of these nitro-containing compounds. 1-NP and 2-NF have been shown to be mutagenic in bacterial and mammalian cells and carcinogenic in rodents (33) and to be activated via nitroreduction and O-acetylation in Salmonella tester strains (9, 16) . However, little is known about the detoxication of nitroarenes through GSH conjugation mechanisms. This is the first report to show that rat GST 5-5 mediates the inactivation of genotoxicities of these nitroarenes in the bacterial cells.
Our present results indicated that a GST enzyme is indispensable for induction of umuC gene expression by dihaloalkanes. Among inhibitors and substrates for GST enzyme examined, ENPP was found to inhibit the induction of umuC gene expression by BCE. The inhibitory effect of ENPP may be related to compete at the substrate binding site with BCE. The results indicated that ENPP may be one of the useful probes for analyzing the mechanisms of genotoxicities by dihaloalkanes.
In conclusion, we have established a new S.typhimurium tester strain NM5004 expressing GST 5-5 for the genotoxic activation of dihaloalkanes and inactivation of some of the nitro-containing chemicals. This tester strain should be of use for the detection of environmental carcinogens such as dihaloalkanes and for studying mechanisms of activation and inactivation of these chemicals by GST.
